Recent advances in thermodiffusion (Soret effect) in binary and higher multicomponent liquid mixtures are reviewed. The mixtures studied include the hydrocarbon, associating, molten metal and semiconductor, polymer, and DNA mixtures. The emphasis is placed on the theoretical works, particularly models based on the nonequilibrium thermodynamics, although other approaches such as the statistical, kinetic and hydrodynamic approaches are discussed as well. For each mixture, the major theoretical and experimental works are discussed and the research trends and challenges are addressed. Some of the challenges include a need for combining various methods to develop a comprehensive theoretical model or at least to try to understand the differences and pros and cons of each approach. Thermodiffusion and ordinary diffusion coefficients are scarce in some mixtures such as binary DNA, molten metal and metal-semiconductor mixtures and all ternary mixtures. Understanding of the molecular structure of associating mixtures, and modeling of thermodiffusion in such mixtures are also very challenging.
INTRODUCTION
In isothermal mixtures of two or more species (gases, liquids and even solids), mass diffusion occurs if the species are initially distributed unevenly, i.e., when a concentration gradient exists. A temperature gradient can also work as a driving force for mass diffusion, in a phenomenon which is called thermodiffusion, thermal diffusion, or in liquid mixtures Soret (Ludwig-Soret) effect. In thermodiffusion, a time-independent temperature gradient (thermal field) is constantly maintained across a multicomponent mixture, causing all species to become activated and move. Once a thermal field switches on, it immediately exerts thermal forces on all molecules in the mixture, such as the micromolecules and molecules, particulates, ions, and electron, such that all particles are forced to move in the direction of the heat flow, viz. from the hot side to the cold side. Determination of the thermal force is a complex matter; nevertheless, it can be said that the thermal force is proportional to the thermodynamic force in phenomenological equations, which is due to a temperature gradient T ∇ . In response to a gradual and continuous migration of all particles to the cold side, a concentration gradient starts to develop within the mixture, which slows down the migration of the initial species to the cold side and exerts counterbalance forces on some of the particles in the opposite direction. The gradually increasing concentration forces then counteract the thermal forces and cause the rearrangement of the species. In the final steady state, all thermal (~T ∇ ), concentration (~c ∇ ) and other forces such as electronic forces in ionic mixtures balance one another such that all species remain stationary and motionless. Therefore, in steady state, in a binary mixture, one species is concentrated on the cold side, whereas the other is concentrated on the hot side resulting in the partial separation of species (Eslamian et al., 2010a) .
Thermodiffusion has several industrial applications such as the optimum oil recovery from hydrocarbon reservoirs, fabrication of semiconductor devices in molten metal and semiconductor mixtures, separation of species such as polymers, manipulation of macromolecules such as DNA, etc. It is also realized in the atmospheric and oceanic streams at the bottom of the oceans. It is been argued that the life might have originated at the bottom of the oceans due to the replication of DNA molecules as a result of the temperature and pH gradients (Braun and Libchaber, 2004) . Thermodiffusion is also a very interesting theoretical problem. It is a fundamental chemicophysical, hydrodynamics and nonequilibrium thermodynamics problem and as correctly stated by the experts in the field, such as Harstad (2009) and others, it still lacks a clear theory and explanation. In fact, it may be even unrealistic to expect a single theory to predict thermodiffusion in all mixtures from hydrocarbon to associating mixtures as the response of species to a temperature gradient strongly depends on the mixture molecular structure, and the type and characteristics of the mixture, a fact that makes the experimentation and particularly the modeling of thermodiffusion really challenging. It is challenging to devise models that can adequately capture all possible aspects and forces in a mixture that influence the separation of species. In this paper some of the advances in the major branches of thermodiffusion such as hydrocarbons, molten metals and semiconductors, polymers and DNA mixtures will be reviewed and some of the challenges, to our knowledge will be addressed.
THEORETICAL BACKGROUND
Thermodiffusion was first experimentally observed by Ludwig in the 19 th century in a salt liquid solution. Theoretically, however, thermodiffusion was not predicted until sometime after the development of the kinetic theory in the 20 th century. Thermodiffusion
Frontiers in Heat and Mass Transfer
Available at www.ThermalFluidsCentral.org is a nonequilibrium and second order effect, which did not appear in the equations when the kinetic theory of gases was first developed for the rarefied gases. Rarefied gases are governed by the Maxwellian velocity distribution, and for this distribution, thermodiffusion coefficient is predicted to be zero. This was first recognized by Enskog and independently and at about the same time by Chapman who obtained a similar result. The Chapman-Enskog method of finding the thermodiffusion coefficients proceeds through solving the Boltzmann equation with a perturbed Maxwellian velocity distribution (the nonequilibrium case) and presents the phenomenological coefficients in terms of collision integrals, which require substantial mathematical and numerical procedures. Recently, Debbasch and Rivet (2010) , using the Boltzmann equation, have proposed stochastic models and description of thermodiffusion in dilute gases. Their findings show that a temperature gradient induces contributions to the friction coefficient, acting on the diffusion particles. Although thermodiffusion theory in gases was first realized based on the kinetic theory, nonequilibrium thermodynamics is equally applicable to both gases and liquids.
Thermodiffusion even in systems as simple as the binary linear hydrocarbon mixtures is still a complex phenomenon. It is a kinetic or nonequilibrium problem and at the same time, a low velocity hydrodynamics problem as well. As the mixture molecular structure and the interaction between molecules become more complex, such as in associating mixtures, chemical and molecular physics start to play an important role as well. Molecular dynamics simulations and also experimental observations show that usually a higher molecular mass, smaller diameter, higher density and higher moment of inertia cause a species to segregate on the cold side. Besides, the intermolecular or chemical effects among like and unlike molecules play a major role. This highly multidisciplinary trait of thermodiffusion has sometimes resulted in the lack of effective connection and communication among engineers, physicists and chemists working on this area. Due to the complexity of the problem, it is hard for the researchers who work on thermodiffusion to master all aspects of the problem. There is also not enough collaboration among the researchers in the field.
This author believes that at least for simple mixtures by far the most successful and widely used approach used in thermodiffusion modeling is the nonequilibrium thermodynamics, exemplified by the work of de Groot and Mazur (1984) , Prigogine et al. (1950) , and Drickamer and coworkers (1955a Drickamer and coworkers ( 1955b Drickamer and coworkers ( , 1956 ) who have had perhaps the most contribution in the establishment of the theory in the past. The major setback of the nonequilibrium thermodynamics formulation that hampers satisfactory advancement of the theory is the appearance of a quantity called the neat heat of transport. The dependence of the thermodiffusion factor on the net heat of transport may reflect the inadequacy of the nonequilibrium thermodynamics to completely model thermodiffusion, as thermodiffusion depends on the hydrodynamics of the mixture as well as its thermodynamics.
There are several models that are built upon various approaches of the hydrodynamics theory such as those of Semenov and Schimpf (2005) and Brenner and Bielenberg (2005) . Employment of the kinetic theory of liquids and stochastic methods is another approach, e.g., (Shapiro 2004; . The drawback of such models is their dependence on one or more unknown or undetermined parameters and/or their limited applicability to some simple cases such as dilute solutions, which makes them difficult to be practically examined against the experimental data. Unfortunately, there has been no or little connection between these different approaches. To summarize, one may roughly categorize the thermodiffusion models according to the characteristics outlined in section 2.1.
Major modeling approaches

Dynamic or kinetic models vs. static models
Based on this measure, those models that consider the transient and kinetic nature of thermodiffusion are called dynamic or kinetic models, and those that merely rely on thermostatic properties of the mixture are called static models. In this context, the Kempers (1989 Kempers ( , 2001 ) and the Haase (1969) models and to some extent the Firoozabadi et al. (1998 Firoozabadi et al. ( , 2000 models that rely on the enthalpy or internal energy of the mixture to estimate thermodiffusion coefficients are static models, whereas the Drickamer et al. (1956) model, and its modified version, the EslamianSaghir model expression (2009a) that incorporate the activation energy of viscous flow, instead of molar enthalpies or internal energies of the species, are examples of dynamic models. All of the mentioned models are within the framework of thermodynamics. Also, obviously statistical models based on the kinetic theory, such as the model are kinetic or dynamic as well.
It's been shown that the prediction ability of the Kempers model (a static model) is acceptable for high pressure mixtures in which case the mobility of the system has declined due to the high pressure of the system. In complex mixtures at near atmospheric pressures, a static model cannot adequately capture all complexities of the problem, particularly for mixtures with a complex molecular structure. The Kempers expression has been derived using the classical or equilibrium thermodynamics approach. The Haase expression for thermodiffusion, however, is just a speculation (later derived by Kempers using classical thermodynamics). Haase (1969) derived an expression for the pressure diffusion factor of binary liquid mixtures in a thermally equilibrium system and then extended it to the thermodiffusion problem as well. Obviously, the kinetic nature of thermodiffusion is not considered in the Haase expression for thermodiffusion factor. On account of the kinetic effects, Kempers in his second paper (2011) incorporates a matching parameter, whose value is obtained by comparison of the model predictions with the experimental data. As pointed out by , pressure diffusion is an equilibrium or static effect, whereas thermodiffusion is a non-equilibrium and kinetic effect. Therefore, even though some simple models such as the Kempers and Haase may work for some simple mixtures at high pressures and close to the critical point, a theoretically sound thermodiffusion model must be dynamic, kinetic and nonequilibrium, in order to be able to predict the thermodiffusion coefficients in wide range of mixtures.
Matching-parameter vs. stand-alone models
Most thermodiffusion models involve several parameters one or some of which are unknown or undetermined, and this is due to the statistical and nonequilibrium nature of the thermodiffusion problem. Unfortunately, this complexity hampers the practicability and prediction ability of such models. In fact having one or more matching parameters is inevitable in many cases when a mixture with a complex molecular structure is involved. Perhaps half of the effort in the development of practical expressions for the estimation of thermodiffusion coefficients is to find a way to estimate the matching or undetermined parameters.
Some workers have come up with approximate values for the unknown parameters whereas in many other cases, the unknown parameters are used as a matching parameter with inadequate physical justification behind them. Static models such as the Haase model are usually stand-alone models. Drickamer et al. (1956) and Eslamian-Saghir (2009a) expressions are based on nonequilibrium thermodynamics where the net heat of transport is simulated and replaced by the activation energy of viscous flow turning the models to dynamic and kinetic, yet stand-alone models.
Hydrodynamics, nonequilibrium thermodynamics, and kinetic theory models
In hydrodynamic models, usually applied to thermophoresis of large particles in a solvent, the solvent is treated as a continuum; the formulation starts with writing the momentum equation for the large molecules flowing in the solvent, considering the pressure and velocity terms; the challenge is to model the local pressure gradients and force fields around the molecules or macromolecules in the mixture.
In nonequilibrium thermodynamics approach, the formulation starts from the entropy production rate in a multicomponent mixture assuming that local equilibrium pertains in the elements of the fluid. The entropy production rate is expressed in terms of heat and mass fluxes and finally the fluxes are expressed as linear functions of thermodynamics driving forces, i.e. temperature and chemical potential gradients. In the nonequilibrium thermodynamics approach, a quantity arises, which is called the enthalpy or heat of transport, which has to be determined from outside of the nonequilibrium thermodynamics, perhaps from hydrodynamics or kinetics of the problem. The challenge begins here, as the heat of transport strongly depends on the type and molecular structure of the mixture.
Bringuier (2011) uses a statistical mechanics approach in the framework of the kinetic theory of liquids. The final expression involves a collision integral which is a function of the mean free paths and particle momenta. The kinetic approach of Bringuier is a robust mathematical approach, although it relies on some assumptions for instance the elastic collision of the particles, or in the case of the Kincaid et al. (1987) work, the hard sphere assumption.
Some other workers including Drickamer et al. (1956) , Firoozabadi et al. (1998 Firoozabadi et al. ( , 2000 and the present author et al. (2009a), among others, have used a combined theoretical and empirical approach. This approach is based on the Eyring's rate theory and the concept of the activation energy of viscous flow. Thermodiffusion is an activated process in that species are activated and move as a result of a temperature gradient. Drickamer tried to link thermodiffusion with the fluid flow in a viscous flow, in a systematic manner. The essence of his modeling approach is based on the assumption that the net heat of transport has a close relationship with the activation energy of viscous flow, the energy required to put the unit of the fluid in motion. Note that since the activation energy of viscous flow is temperature dependent, this modeling approach renders a practicable dynamic expression for the thermodiffusion factor. In contrast, the kinetic theory approach is more robust and mathematically sound and may provide a physical description, but it still fails to provide a ready-to-use expression for the estimation of the thermodiffusion coefficients.
In the hydrodynamic approach, usually applied to thermodiffusion of large molecules in a solvent, often called thermophoresis, the NavierStokes or the momentum equation is written to describe the motion of large molecules in a solvent, e.g., (Semenov and Schimpf, 2005) . The challenge is to simulate the force and pressure terms acting on the large molecules, induced as a result of the imposed temperature gradient. Note that in the nonequilibrium thermodynamics approach, for instance, the pressure gradient is assumed to be locally and globally zero within the mixture and around the molecules. This approach, similar to the kinetic theory of liquids, demands some mathematical work. The expression proposed for the Soret coefficient by Semenov and Schimpf (2005) contains several undetermined matching and modeling parameters rendering the expression impractical, at least for now. Alternatively, Brenner (2006) has proposed a simplified hydrodynamic/Brownian approach for thermophoresis of "inert" large molecules in dilute solutions, later extended to non-dilute and also gas mixtures. In his model expression, the thermodiffusion coefficient is expressed as a function of the solvent's self-diffusivity and thermal expansivity as well as a matching parameter of order 1. The undetermined matching parameter has been incorporated to the model on account of the chemical effects between the solute and solvent molecules; the chemical effects may even cause a sign-change in the thermodiffusion coefficient with a change in the molecular weight and temperature. In fact, the main challenge in thermodiffusion modeling is to develop models that can, to some extent, account for the chemical effects and complex interfacial forces.
Other approaches
In addition to the classical or conventional approaches, i.e., equilibrium and nonequilibrium thermodynamics and hydrodynamics methodologies discussed above, there are a number of other lessconventional or hybrid approaches as well. For instance, Morozov (2009) in an attempt to model thermodiffusion in molecular mixtures, uses a statistical mechanics approach originally developed by Bearman and Kirkwood (1958) . In that approach, a non-zero local pressure gradient is assumed around the molecules, similar to the hydrodynamics approach commonly used in thermophoresis. He revisited and corrected the Bearman and Kirkwood formulation for the partial pressure of each component in a binary mixture. He assumes that the driving force of thermodiffusion has an equilibrium part and a nonequilibrium part. As it can be expected, the equilibrium term is easier to formulate, whereas similar to other approaches, the nonequilibrium term, which may be negligible in simple mixtures but profound in many other complex mixtures, does not have a general form and depends on the molecular structure of the mixture. The developed expression encompassing only the equilibrium forces, still requires several parameters and properties of the components such as the compressibility factors to be determined. In order to estimate the undetermined parameters, he uses a perturbation theory assuming that the species behave as hard-spheres. Some of these unknown parameters could be obtained from an equation of state, perhaps. He compares his results against benzene-cyclohexane mixture, which is considered as a complex mixture among hydrocarbon mixtures owing to the occurrence of a sign change when concentration changes, where a fair agreement is observed including the prediction of the sign change. We note that only very few models can predict a sign change in benzene-cyclohexane mixture, e.g., (Eslamian and Saghir, 2012a) . Debuschewitz and Kohler (2001) identified two effects in benzene-cyclohexane mixture, one called the isotope effect stemming from the difference in mass and moments of inertial of the two species and a less-known chemical effect, which is strongly composition dependent and is due to the intermolecular forces, which change with the molecular structure of the mixture.
Recently, Semenov and Schimpf (2009) used the idea of variable local pressure (hydrodynamics approach) but within the framework of the linear nonequilibrium thermodynamics. This is in fact an attempt to combine nonequilibrium thermodynamics with hydrodynamics. They expressed chemical potential in terms of the mixture number density, temperature and the local pressure. As mentioned before, the common practice in nonequilibrium thermodynamics is to assume a constant pressure everywhere within the mixture such that 0 = ∇P . Alternatively, to maintain a mechanical equilibrium in the mixture, the local pressure gradient may be expressed in terms of the number density and temperature gradients (Gibbs-Duhem expression). The local mechanical equilibrium indicates that the forces acting on a small element of the fluid in a closed system, originate from the number density, temperature and pressure differences across an element. The net force acting on the molecules causes mass diffusion within the mixture. Once gradually a force balance on moving segments is established, the system reaches a stationary or steady state. Using the variable pressure approach, Semenov and Schimpf expressed the mass fluxes in terms of temperature and volume fractions. They noticed a discrepancy in their equations and in order to resolve the problem, concluded that the heat of transport of each component has to be equal to the chemical potential of the same component. This conclusion is problematic as the heat of transport is a dynamic or nonequilibrium property of the mixture whereas the chemical potential is a thermostatic property, i.e. it is associated with an equilibrium state.
Overall the issue of the local pressure and its variation has not been understood well and further research is needed to physically understand and mathematically model the pressure change in the mixture and its relationship to thermodiffusion.
Recently, Semenov and Schimpf (2011) used a thermodynamic approach supplemented by statistical mechanical calculations and expanded and elaborated the work of Semenov (2010) . They developed an expression for the Soret coefficient for dilute mixtures that clearly shows the intermolecular or chemical effects, the mass difference effects and moment of inertia difference effect. Their expression is mostly dependent on the chemical potentials and some undetermined parameters such as the energy of interaction, etc.
There are some other models as well as those described above: the statistical model of Prager and Eyring (1953) , radiation pressure model of Gaeta (1969) , and fluctuation model of Shapiro (2004) , among others. The recent theory of Shapiro is based on the statistical theory of fluctuations around an equilibrium state. The Onsager matrix of phenomenological coefficients is expressed in terms of the penetration lengths. Despite its robust mathematical approach, its drawback is its dependence on several undetermined parameters. Kocherginsky (2010) suggests an interest and compact approach to describe Soret, Dufour and Seebeck effect. The description is based on the idea that the rate of mass transport is proportional to the gradient of physicochemical potential (rather than only chemical potential for instance), which is a general function and includes the product of molar entropy and temperature. As a result, an expression is obtained for the Soret coefficient which is a function of molar entropy (and also concentration and temperature), rather than the net heat of transport:
( 1) where S T is the Soret coefficient, c is the mixture concentration, R is the universal gas constant, s is the molar entropy, and T is the mixture average temperature. The above expression can theoretically predict a sign change. The expression is quite simple and neat; however, the evaluation of the partial molar entropy in a nonequilibrium mixture is as difficult as modeling of the net heat of transport in nonequilibrium thermodynamics models. It is not clear to us that whether the molar entropy can be obtained from an equation of state or not. Moreover, it seems that similar to the Kempers and Haase models, which are functions of thermostatic properties such as molar enthalpy and molar volume, Eq. (1) is also a function of the molar entropy, a thermostatic property and therefore can be only valid for mixtures not too far away from equilibrium.
Review papers
There are several review papers that consider various aspects of thermodiffusion modeling. These include but are not limited to the following: Faissat et al. (1994) who discuss dynamic versus static models. They focus on the thermodynamics and nonequilibrium thermodynamics modeling approaches with emphasis on thermodiffusion in porous media (hydrocarbon reservoirs). They provide some insight on the mechanism of thermodiffusion on the molecular level. Gonzales-Bagnoli et al. (2003) used the equilibrium and nonequilibrium thermodynamics models of Drickamer et al. (1956) , Kempers (2001) , Haase (1969) , and Shukla-Firoozabadi (1998) and used them to evaluate thermodiffusion factors in various hydrocarbon mixtures.
Harstad (2009) provide a review on the thermodiffusion modeling in the context of nonequilibrium thermodynamics and provide useful discussions on various models and a description of the process in the molecular level. Issues such as the concept of the heat of transport are discussed as well as the significance and progress in the area of the molecular dynamics simulations. He also argues that due to the importance of the intermolecular and interfacial forces and their impact on the overall behavior of thermodiffusion, it is hard to imagine one single thermodiffusion model can adequately capture the effect in all phases. We further wish to add that even it is hard to imagine that a model can be used equally for two different types of liquid mixtures, for instance for hydrocarbons and molten metal mixtures. Farago et al. (2006) using a variational approach obtained an equation for the thermodiffusion factor as a function of a variable that plays the role of the net heat of transport. If this function is replaced by a dynamic property such as the net heat of transport, the nonequilibrium thermodynamics formula to be discussed later, Eq. (2) is obtained, whereas if it is replaced by the partial enthalpy, the Haase and Kempers equations are obtained. The choice of the function depends on our interpretation of the thermodiffusion problem and the constraint we apply on the problem. Farago et al. argue that the Kempers constraint on a flat pressure across the mixture results in the Kempers expression, which is not quite correct. Demirel and Sandler (2001) provide a rather clear description of coupled heat and heat transfer phenomena including the thermodiffusion theory. Issues such as the phenomenological equations and coefficients, frame of reference, and heat of transport are described. Eslamian and Saghir (2009b) reviewed some of the thermodiffusion models. Their emphasis was placed on the meaning and the method of calculation of the activation energy of viscous flow introduced by Eyring and coworkers (Glasstone et al., 1941) .
Wiegand (2004) reviewed the thermodiffusion and thermodiffusion in liquid solutions, with an emphasis on the working principles of some of the experimental methods, molecular dynamics simulations, thermodiffusion in polymer solutions, colloids, and thermodiffusion near the critical point.
Major experimental methods used to obtain thermodiffusion coefficients have been briefly reviewed in a recent work by Srinivasan and Saghir (2011) and in an earlier work by Platten (2006) . Platten also reviews some experimental works on hydrocarbon mixtures with an emphasis on the importance of having reliable benchmark databases for model validation. Some of the experimental methods include but are not limited to: elementary Soret cell method, beam deflection technique, thermal diffusion forced Rayleigh scattering technique, and the thermogravitational column method.
Velocity frame of reference
Here we demonstrate the significance and role of the frame of reference in the measurements and prediction of thermodiffusion coefficients. In many research works, theoretical or experimental, diffusion coefficients (thermal or ordinary) are measured and presented without specifying a frame of reference. This implies that the fluxes are measured with respect to a fixed point or a fixed frame, a reference frame which is called the laboratory frame of reference. Using a fixed frame, however, can be problematic and erroneous, for instance if the volume of the experimental cell changes. To suppress this problem, it is advisable to express the measurements with respect to a mean-velocity such as the velocity of the center of mass, center of volume, etc. Note that if the change in the volume of the liquid in the experimental cell is negligible, the center of volume of the cell will remain stationary during the experiments, in which case the fixed or laboratory frame of reference coincides with the volume frame of reference. This is usually the case in most thermodiffusion experiments in liquids, i.e. the experimental data are expressed tacitly in a volume frame of reference.
In a multicomponent system of n species in various frames of reference, the maximum number of independent ordinary diffusion coefficients is (n-1) 2 (Brady, 1975) . As a result, for a binary mixture there is only one binary diffusion coefficient (and also one thermodiffusion coefficient), which is unique and independent of the frame of reference.
Therefore in a binary mixture, diffusion coefficients expressed in a volume frame of reference are identical with those expressed in any other frame of reference. In ternary and higher mixtures, however, the diffusion and thermodiffusion coefficient are frame of reference dependent. In a binary liquid or gas mixture (and tentatively any multicomponent mixture), the Soret coefficient and thermodiffusion factor are independent of the frame of reference and therefore they are the best data to report by the experimentalists (Eslamian et al., 2012b) .
It is interesting to note that despite the fact that in binary mixtures, thermodiffusion coefficients are independent of the frame of reference, some models propose expressions in various frames of reference. For instance, the Kempers model, the Haase model and the Drickamer model. Besides, the definition of the frame of reference in the Kempers model is erroneous. The bottom line is that in a binary mixture, any
model proposing multiple thermodiffusion coefficients or factors for various frames of reference is fundamentally wrong, even though it may be successful in some cases. Bringuier (2011) comments on a similar issue as well.
HYDROCARBON MIXTURES
Thermodiffusion has been widely studied in the hydrocarbon mixtures more than any other mixture, e.g., Van Vaerenbergh, 2009; Eslamian et. al, 2010b; Eslamian and Saghir, 2009a; Shukla and Firoozabadi, 1998) . This is due to the absence or weak appearance of the chemical effects in linear and nonpolar hydrocarbon mixtures and of course due to the presence of thermodiffusion in non-isothermal oil reservoirs. Due to the porous nature of underground oil reservoirs, a few studies have been performed on the reservoir composition under the influence of a temperature gradient, e.g., (Faissat et al., 1994; Colombani et al., 2002; Jaber et al., 2005) . The oil industry is in particular interested in this kind of research, owing to the role of thermodiffusion in determining the accurate composition of underground reservoirs for optimum oil recovery. In fact, some of the key research works and publications on thermodiffusion have been produced in the oil industry, e.g., the Kempers and Firoozabadi et al. models . In hydrocarbon mixtures usually there is no sign change with a change in the mixture composition and temperature (Eslamian and Saghir, 2009a) . This is because the molecular structure of the hydrocarbon mixtures only slightly changes with the mixture composition and temperature variation.
Experimental studies on hydrocarbon mixture
Experimental data are rather abundant in various combinations of binary hydrocarbon mixtures, e.g., (Perronace et al., 2002; Polyakov et al., 2006 Polyakov et al., , 2009 Leahy-Dios et al. 2008) . In some particular cases, benchmark experimental data are available obtained using very different methods with minimum uncertainty (Platten, 2006) . There are also few sets of hydrocarbon experimental data on ternary and quaternary mixtures some of which performed onboard the International Space Station (Van Vaerenbergh et al., 2009; Leahy-Dios, 2005; Königer et al., 2010; Blanco et al., 2010) .
The experimental data, either binary or ternary have received enough attention in other publications. One ongoing and controversial area of research is to study the effect of vibration (g-jitter) on the accuracy of the experimental data taken during space missions (Yan et al., 2005; Shevtsova et al., 2007; Srinivasan et al., 2010 , Shevtsova et al., 2011 . It is not quite clear how and to what extent the micro-vibrations induce remixing of species and deteriorate the thermodiffusion experimental data. Space experiments are obviously very expensive to perform and therefore it is important to ensure that the resources in the fluids dynamics laboratory onboard the international space station are spent wisely.
Theoretical studies on hydrocarbon mixtures
For hydrocarbon mixtures, the classical approach of the nonequilibrium thermodynamics combined with some version of the Eyring's activation energy of viscous flow provides the best performance with minimum effort. Following the phenomenological equations, it can be shown that, the thermodiffusion factor, Error! Objects cannot be created from editing field codes.of the first component is obtained as follows, e.g., (see Eslamian et al., 2010b for a detailed derivation): Q is the conductive heat flow of the diffusing component k, per particle, mole or kilogram, depending on the unit mass adopted, required to be absorbed by the local region to keep the temperature of the region constant.
* k Q can also be expressed in terms of the phenomenological coefficients (de Groot and Mazur, 1984) . Drickamer (1955a and 1955b) and Tichacek et al. (1956) provide other versions of Eq. (2) as well, in an attempt to estimate thermodiffusion in various frames of reference. However, after the discussion of section 2.2, it is clear that at least in a binary mixture, there is only one thermodiffusion factor regardless of the frame of reference. Therefore, other versions of Eq. (2), incorporating for instance, molar weights or volumes are erroneous.
Under the influence of a temperature gradient, structural units of the mixture, such as molecules, atoms or clusters need some energy to overcome the bonds and free themselves from their neighbors and jump to the next available site in the mixture. The required energy for this transition to occur may be regarded as the net heat of transport
Although not identical, flowing of a viscous fluid may be considered as a process similar to mass transfer in thermodiffusion in that in both phenomena some sort of activation energy is required so as to overcome the cohesive energy between molecules and set them in motion. Drickamer and coworkers, among others, have systematically studied the possibilities for simulating the net heat of transport with some sort of the activation energy of viscous flow. Eslamian and Saghir (2009a) showed that it is more justified to assume that the net heat of transfer of each component equals the activation energy of viscous flow of the same component in the mixture. However, since the activation energy of viscous flow for a component in a mixture is not defined, the activation energy of viscous flow of a pure component may be considered as the net heat of transport of that component in the mixture (
. Thus, in a simple binary mixture, Eq. (2) takes the following form:
Other model expressions that have been widely used to estimate thermodiffusion factor in hydrocarbon mixtures include but are not limited to the Haase, Kempers and Sukla-Firooazabadi expressions. It was argued before that the Haase and Kempers models are erroneous or at least only applicable to near-equilibrium and high pressure conditions, as they are static models. The Haase and Kempers formulas for binary mixtures are written as follows:
Kempers (2001): (6) where k H is the molar enthalpy, k V is the molar volume, and M k is the molar weight of component k. Note that Kempers derived Eq. (5), using ( )
an equilibrium thermodynamics approach, whereas Haase, only guessed Eq. Based on the work Drickamer (1955a, 1955b ), Shukla and Firoozabadi (1998) modeled the net heat transport for component i in the mixture as a function of the thermostatic properties of the components, particularly the internal energy: Shukla-Firoozabadi (1998) 
where k U is the molar internal energy of component k. Note that the parameter τ in Eq. (7) takes a constant value of 4 in their model; it is the ratio of the vaporization energy of a liquid to its activation energy of viscous flow and is not a constant in general, but its value is close to 4 for most linear hydrocarbons. This constant 4 had been proposed by Drickamer and coworkers. The Shukla-Firoozabadi model in the form of Eq. (7) is in fact a static expression and therefore, to make it a dynamic or kinetic model, a variable has to be used instead of constant 4. It has been shown that using a variable ratio of vaporization energy to activation energy generates better estimates of the thermodiffusion factors, e.g., (Yan et al. 2008) .
To improve the prediction power of the Firoozabadi model, Abbasi et al., (2011) used the concept of free volume to estimate the ratio of the evaporation energy to the activation energy of viscous flow τ, appearing in Eq. (7). Based on this concept, free volume controls the diffusivity of the molecules in diffusion-limited systems. It states that the transfer kinetics of molecules depends greatly on molecular size and shape as well as the concentration. (5), and (7) are also displayed, (Eslamian and Saghir, 2009a) . The data shown in Figure 1 do not necessarily indicate that the same trend will occur for other mixtures, as well. Nevertheless, we note that the Haase expression (and also Kmepers) fail to predict even the sign of the thermodiffusion coefficient. At higher pressures, however, the Haase and Kempers model expressions work fairly well. Figure 2 shows the experimental data (Rutherford and Roof, 1959) and the prediction of the Haase expression, Eq. (5), for the thermodiffusion factor α of methane-n-butane mixture versus pressure (Eslamian and Saghir, 2009a ). ( Eslamian and Saghir, 2009a; expt. data from Leahy-Dios et al., 2008) . To our knowledge, there are only three major models that provide expressions for the thermodiffusion coefficients in mixtures with more than two components, i.e., ternary, quaternary, etc. These models are the Kempers (2001) , the Firoozabadi et al., (2000) and Eslamian et al. expressions (2010b Eslamian et al. expressions ( , 2010c . We have already substantiated that the Kempers model is not reliable due to the lack of the clarity on the contribution of the kinetic effects and also confusion on the role of the velocity of reference.
( a ) (b) Fig. 2 Variation of the thermodiffusion factor α of methane-n-butane versus pressure; (a) at 121 °C and (b) at 46 °C. (Eslamian and Saghir, 2009a ; expt. data from Rutherford and Roof, 1959) .
In the Firoozabadi multicomponent model (Firoozabadi et al., 2000) , the phenomenological coefficients (PC), L ij , are correlated with the ordinary diffusion coefficients; PCs have to be calculated before the thermodiffusion coefficients can be estimated. The mole-based thermodiffusion coefficients 
We note that while in the Shukla-Firoozabadi binary model (Eq. 7), the thermodiffusion factor is independent of the phenomenological coefficients, in the extension of the model to multicomponent mixtures, the thermodiffusion factors become dependent on the phenomenological coefficients. Careful inspection of the FiroozabadiGhorayeb-Shukla multicomponent model reveals an ambiguity in their derivation: they never use the condition of steady state in which all mass fluxes are zero. In their derivation using Eqs. (10) and (11) of Firoozabadi et al., (2000) , combined with the definition of the thermodiffusion coefficients, one can eliminate T ∇ and μ ∇ to obtain the thermodiffusion coefficients. This is in fact the approach that the present author and coworkers used for the derivation of their multicomponent formula (Eslamian et al., 2010b and 2010c) . Despite this ambiguity in the derivation of the Firoozabadi-Ghorayeb-Shukla model, its prediction power for the multicomponent mixtures is in the correct order of magnitude although the signs of the thermodiffusion coefficients cannot be predicted in some cases (Eslamian et al., 2010b ). As mentioned above, the theory of nonequilibrium thermodynamics used to develop Eq. (2) can be followed to obtain expressions for the thermodiffusion coefficients in terms of the net heat of transport in ternary and higher multicomponent mixtures. Using the Eyring's rate theory of viscous flow, similar to Eq. (2) that was converted to Eq. (4), the following practicable expressions have been suggested (Eslamian et al., 2010b (Eslamian et al., , 2010c .
where parameters A, B, C and D are related to the elements of the ordinary diffusion matrix and also the derivatives of chemical potential with respect to concentration. In multicomponent mixtures, the thermodiffusion coefficients are defined in such a way that their sum is zero. The prediction power of both Firoozabadi et al., (2000) and Eslamian et al., models (2010b Eslamian et al., models ( , 2010c are comparable, when evaluated against the hydrocarbon mixtures. (Firoozabadi et al, 2000) . b Kempers Mass-Based model (Kempers, 2001 ). c Non-equilibrium thermodynamics, (Eslamian et al., 2010b ).
Here we display some corrected results on the performance of multicomponent models, first reported by Eslamian et al., (2010b) . In that reference, the experimental data of component 1 and 2 had been swapped by error. Experimental data and model predictions are massbased. Mixtures components are 1,2,3,4-tetrahydronaphtalene (THN), isobutylbenzene (IBB), n-dodecane (C12), n-decane (C10), and cis-1,2-dimethylcyclohexane (C12DMCH). The ternary experimental data (Tables 1 and 2 ) are taken from Blanco et al., (2010) and the quaternary experimental data (Table 3) Firoozabadi et al., (2000) , and Eslamian et al., (2010b) models are partially successful, still none of the models can adequately predict the multicomponent experimental data. (Firoozabadi et al, 2000) . b Kempers Mass-Based model (Kempers, 2001 ). c Non-equilibrium thermodynamics, (Eslamian et al., 2010b) . (Firoozabadi et al, 2000) . b Kempers Mass-Based model (Kempers, 2001 ). c Non-equilibrium thermodynamics, (Eslamian et al., 2010b) .
ASSOCIATING MIXTURES
Aqueous mixtures of alcohols and mixtures of hydrocarbons and alcohols are good examples of associating mixtures due to the presence of the hydrogen bonds between the like and unlike molecules, whereas for instance mixtures comprised of linear hydrocarbons are good examples of non-associating mixtures. In non-associating mixtures, regardless of the mixture concentration, one component is often segregated on one side of the mixture (cold or hot side), whereas in associating mixtures, species concentrating on the hot side my start concentrating on the cold side if the mixture concentration changes. Spectroscopy studies on the molecular structures of associating mixtures reveal a very complex structure for such mixtures (Eslamian and Saghir, 2009c and references therein). Cluster size, composition and arrangement changes with mixture composition and temperature and their gradients. These structural changes have a very significant effect on the response of species to a temperature gradient and no wonder that the sign of thermodiffusion factors change in associating mixtures, when the temperature and concentration changes. 
Experimental studies on associating mixtures
While there are basically no experimental data on ternary or higher multicomponent associating mixtures, experimental data on binary associating mixtures are rather abundant. In near future, new experiments have been designed by the European and Canadian Space Agencies on alcohol and hydrocarbon ternary mixtures of interest, to be performed onboard the International Space Station. Owing to a sign change in thermodiffusion factor in associating mixtures with a change in mixture composition (concentration) and temperature, experiments on such mixtures are not as easy to perform as those of hydrocarbon mixtures, and no wonder that earlier data and still some of the present data are dubious.
Some of the major experimental works on the associating mixtures are as follows: Wiegand and coworkers (Ning and Wiegand, 2006; Wiegand et al., 2007; Polyakov and Wiegand, 2008) while performing experimental and theoretical studies on associating mixtures noticed that the thermodiffusion factor vanishes at a concentration close to the concentration at which the water hydrogen bonds break down. This was in fact an important finding also followed and reinvestigated by others (Eslamian and Saghir, 2009c) .
Due to the complex nature of the associating problems and the lack of theoretical models, molecular dynamics (MD) simulation approach provides a suitable research tool for study of such mixtures. The MD simulation was originally conceived within theoretical physics, but is applied today mostly in materials science. In one study, MD simulation approach combined with a non-equilibrium algorithm that allows maintaining a constant heat flow through the system and another algorithm that accounts for the molecular interactions such as the hydrogen bonds was used (Rousseau et al., 2004) , where a good agreement between the methanol-water experimental data and the MD simulations was observed including a sign change.
To investigate this problem in the molecular level, Rousseau et al., (2004) used the model of Prigogine and coworkers (1950) , which is based on the Eyring's rate processes theory and the activation energy of viscous flow concept. By varying the particle-particle interaction parameters in that model, they realized that the slope of the thermodiffusion factor may change with concentration from positive to negative and a sign change may occur. Nieto-Draghi et al., (2005) employed a boundary-driven MD method in which there is no need to estimate the phenomenological coefficients in order to find thermodiffusion coefficients. Their simulations are successful in predicting a sign change in the studied mixtures.
Here are some examples of the recent experimental data: have repeated some of the experimental studies on the aqueous mixture of some alcohols in an attempt to eliminate the dubious data. Königer et al., (2009) measured the ordinary and thermodiffusion coefficients of ethanol-water mixture for a broad range of temperature (from 10 to 60 °C) and concentration. They expanded the database of Kolodner et al., (1988) . Their database is particularly suitable for model development and verification. One of their findings is that the cross over occurs at a concentration, which is insensitive to the mixture temperature. This indicates that the molecular structure of ethanol-water mixture and the cluster size is more dependent on the concentration of the mixture rather than temperature, while in general, temperature is expected to have an effect on the molecular structure, hydrogen bonds and intermolecular forces, as well.
Theoretical studies in associating mixtures
The response of the species to a temperature gradient in an associating mixture is quite difficult to model. This is because molecules of different species form large clusters that act as a cage for the individual molecules. The question is how to combine these varying and temperature and concentration dependent complexities and develop a thermodiffusion model? Also, in principle, is it possible to devise a comprehensive model that can work for any and every associating mixture? What is known so far is that currently such a comprehensive model does not exist. We are not even close to having such a model. Nevertheless, attempts have been made to develop thermodiffusion models for associating mixtures as well.
The existing theory of nonequilibrium thermodynamics, Eq. (2), is applicable to any binary mixture, provided that the net heat of transport can be adequately modeled. Therefore, the challenge is to model the net heat of transport appearing in Eq. (2). From a practical point of view, it has been shown that in associating mixtures, the concentration at which the sign of the slope of mixture viscosity changes usually coincides with a sign change in the thermodiffusion coefficient (Eslamian and Saghir, 2009c) . Eq. (4), which works fairly well on hydrocarbon mixtures, does not predict a sign change; however, a sign change may be predicted if activation energy of viscous flow of each component can be considered variable. Owing to the difficulties in modeling of the activation energy of viscous flow of a component in the mixture, the activation energy of viscous flow used in Eq. (4) is associated with the species in pure state and it only changes slightly with temperature. To take into account the variations of the activation energy of viscous flow of each species in the mixture, the following expression was proposed for a binary complex mixture (Eslamian and Saghir, 2009c) :
where η 0 is a reference viscosity to render the second term in Eq. (10) dimensionless. In non-associating mixtures, the derivative of the natural logarithm of mixture viscosity with respect to mole fraction is a constant number of order 1, whereas in complex mixtures its magnitude and sign may change when the mixture composition changes in which case according to Eq. (10), the sign of the thermodiffusion factor changes when the sign of the derivative of natural logarithm of the mixture viscosity versus concentration changes. In associating mixtures of water-alcohols (Eslamian and Saghir, 2009c and references therein), hydrocarbon-alcohols and also benzene-cyclohexane (Eslamian and Saghir, 2012a and references therein) a similar trend is observed. The performance of Eq. (10) depends on the complexity of the mixture. While its performance for benzene-cyclohexane is remarkable ( Figure  3) , it fails to adequately predict the data of methanol-hydrocarbons for instance (Eslamian and Saghir, 2012a) . In associating mixtures, the interfacial forces, intermolecular/cluster bonds, hydrogen bonds and other chemical effects are a strong function of mixture composition and temperature.
In addition to the model described above, which is rather extensively tested on various associating mixtures, the Morozov model (2009) was also tested on benzene-cyclohexane mixtures. Also, in another attempt, Pan et al., (2007) used the nonequilibrium thermodynamics approach of Shukla-Firoozabadi, but using matching parameters extracted from the experimental data at the infinite dilution limits. The model is successful in predicting the trend of the data for concentrations other than infinite dilution, but as mentioned it is not stand-alone as it needs infinite dilution experimental data as input. Eslamian and Saghir (2009c) proposed a mechanism for species separation and segregation in thermodiffusion in associating mixtures. In non-associating mixtures, especially those with simple and rather spherical molecules, species migration is affected by molecular weight and size, moment and inertia of molecules, and the interaction between alike and unlike molecules is probably less significant. In contrast, in associating mixtures, molecular interactions and a continuous change in the molecular structure play an important role in separation of molecules (Figure 4) . In Figure 4 , separation of methanol-water due to a temperature gradient is depicted. A dimer structure for water clusters has been assumed. A portion of water and methanol molecules remain isolated and intact in the mixture, whereas the rest of the molecules form hybrid methanol-water clusters. In the presence of a temperature gradient, it is easier for the isolated molecules or clusters to move in the mixture towards either the cold side or the hot side. The response of the hybrid clusters, however, is more complicated. Application of opposing thermal and concentration forces on the clusters may cause the breakdown of the cluster, or the cluster may move towards one end or even remains in its place and intact. Also, note that the local temperature may have an effect on hydrogen bonds, as at higher temperatures hydrogen bonds break easier. In ternary associating mixtures, there is very limited experimental and theoretical works. In a recent work, and in preparation for the near future space experiments on ternary mixtures of alcohols and hydrocarbon mixtures, Eslamian and Saghir, 2012c, proposed a semiempirical expression based on the linear nonequilibrium thermodynamics approach (Eq. 9) and the semi-empirical approach used for binary associating mixtures (Eq. 10). No comment can be made about the prediction power of the proposed expression due to the lack of experimental data. Other multicomponent models such as Firoozabadi and Kempers are not suitable for associating mixtures. 
MOLTEN METAL ALLOYS
Investigation of thermodiffusion in molten metal mixtures, also referred to as thermotransport and thermomigration, was initiated by its potential application in the isotopic enrichment of materials (Otto, 1969) , design of nuclear reactors that experience high temperatures (Sugisaki et al., 1981) , and other nuclear-related activities (Bhat and Swalin, 1972; Bhat et al., 1973) . Earlier thermodiffusion experiments on molten metal mixtures were performed on ground surface and in the presence of gravity. However, due to the detrimental effect of gravity on the concentration profile in some liquid metal mixtures, which may obscure the effect of thermodiffusion due to mixing, experiments were designed and performed in the microgravity environment during several space missions (Malmejac and Praizey, 1984; Praizey, 1986 Praizey, , 1989 Praizey et al., 1995; Van Vaerenbergh et al., 1998) . Thermodiffusion in molten metal mixtures has similarities and differences compared to simple hydrocarbon mixtures, as a reference. The differences arise from a different and unique molecular structure in molten metal mixtures, which are comprised of metal ions and free electrons. Compared to hydrocarbon mixtures, the molten metal mixtures have a more complex structure; however, compared to associating mixtures such as water-alcohols, have a simpler molecular structure. Thermodiffusion in such mixtures is due to ion-ion interactions, known as the extrinsic or ionic contribution and electronion interactions known as the intrinsic or electronic contribution. The ion-ion interaction between the ions of different constituent species is somewhat similar to the interaction between unlike molecules in a hydrocarbon mixture. Thus, any expression developed for nonassociating mixtures, such as Eq. (4), may be used to approximately predict the ionic contribution to the thermodiffusion factor. This is because Eq. (4) derived from the principles of the linear nonequilibrium thermodynamics, only accounts for the bulk interactions between molecules in a liquid mixture in which only temperature and concentration gradients are present. The presence of the free electrons in a molten metal mixture creates an electric field and electric force, not present in non-ionic mixtures. Large and small ions hove segregated on the cold and hot side, respectively. Figure 5 shows the mechanism of separation in a binary molten metal mixture. The general description of the separation mechanism in hydrocarbon mixtures, described in the introduction section applies here as well as some additional effects due to the presence of the conduction electrons. The thermal forces push the free electrons towards the cold side as they conduct heat. This results in a concentration gradient in the number density of electrons in the mixture. The non-uniform distribution of electrons within the mixture, and also, to some extent, the non-uniform distribution of the metal ions, create an internal electric field that exerts forces on the particles through the thermoelectric effect. Assuming that the mixture forms an open circuit, such that in steady state there will be no flux of electrons, the electronic forces are mainly due to an induced internal electric field owing to the non-uniform distribution of electrons and ions within the mixture. Electronic forces acting on ions may assist or oppose the thermal and concentration forces. The forgoing separation mechanism is for a given mixture composition. With a change in the mixture composition, the mixture properties, such as viscosity and thermoelectric power, may change as well. This may cause a complete rearrangement of all particles due to a possible change in the magnitude and even direction of concentration and electronic forces. In several mixtures, such as Na-K this change may be so intense that the species enriched on the cold side, in a given composition, now migrate to the hot side for the new composition. A review of the existing research work on the Soret effect in molten metal alloys reveals a great deal of inconsistency and controversy. Despite the similarity of thermodiffusion in molten metal mixtures with that in other mixtures, thermodiffusion analysis in metal mixtures has been treated rather differently. For instance, the net heat of transport is defined rather differently and not in accordance with the nonequilibrium thermodynamics, i.e., Eq. (3). This has caused a great deal of ambiguity in thermodiffusion literature of molten metal alloys. Some of the sources of confusion were identified and discussed and an unambiguous theoretical model was proposed based on the linear nonequilibrium thermodynamics by Eslamian et al., (2010a) . The proposed model considers the thermodiffusion factor in terms of the net heats of transport of two separate effects: the electronic and ion-ion thermal interactions. Owing to the similarity of the thermally induced mass diffusion with viscous flow, in that they are both activated processes, the ion-ion net heat of transport of each component was replaced by the activation energy of viscous flow of the same component in pure state. The electronic net heat of transport was estimated using an expression for the forces that act on an ion by the conduction electrons. The combination of the aforementioned modeling approach resulted in an expression that may be readily used for the estimation of thermodiffusion factors in binary liquid metal mixtures. On account of the electric field imposed by the free electrons in a molten metal mixture, it is rational to define a new net heat of transport, * k q . This argument results in the following modified expression for the thermodiffusion factor of component 1 in a liquid metal alloy:
The net heat of transport due to ionic effects may be replaced by the activation energy of viscous flow in a fashion similar to that in hydrocarbon mixtures discussed before, i.e., Eq. (4). The electronic net heat of transport per mole of species i, may be related to the force acting on a solute ion by conduction electrons. Several workers, such as Galina and Omini, (1972) and Gerl, (1967) have proposed expressions for the electronic force. However, several parameters have to be known before those expressions can be used. Barker and Jones, (1984) derived more practicable expressions for the contribution of electronic or intrinsic forces on the overall thermodiffusion in liquid metal alloys. Using Barker and Jones results combined with Eq. (11), Eslamian et al. (2010a) proposed the following expression for the thermodiffusion factor in some liquid metal alloys: where N is the Avogadro's number, e is the absolute value of an electron charge, z i is the valence of ion i, z is the mean valence of the ions in the mixture, and S i is the thermoelectric power of ions of type i, and S is the mean thermoelectric power of the mixture. Depending on the metal alloy characteristics, such as the mixture structure, concentration and temperature, the thermal and electronic forces acting on the ion of type i may be in the same or opposite directions, i.e. the two terms on the right hand side of Eq. (12) may have the same or opposite signs. Performance of the proposed expression has been satisfactory when applied to those mixtures that are composed of components with comparable melting points, such as Sn-Zn, Sn-Pb, SnCd, etc. Although somewhat speculative, it was shown that the model fundamentally and qualitatively is able to predict a cross-over in the direction of the composition-dependent migration of Na and K components, consistent with the experimental observations. At low concentrations of Na, Na migrates to the hot side, whereas at high concentrations, it moves to the cold side (Barker and Jones, 1984) . The sign change in the thermodiffusion factor in Na-K mixture was attributed to the anomalous behavior of Na-K mixture thermoelectric power and its effect on the relative magnitude and the sign of the electronic contribution with respect to the ion-ion contribution. Additional research is required to identify and address other aspects of this complex phenomenon and investigate the validity of the proposed speculative hypothesis for the sign change in Na-K mixture.
Note that while some of the experimental data and practical applications concern the Soret effect in metal isotopes, Eq. (12) only applies to thermodiffusion in a mixture of two different metals, as for isotopes of a metal, it is not easy to define two different activation energies of viscous flow. In a study somewhat pertinent to molten metal alloys, Dominguez et al. (2011) studied the Soret effect in silicate melts that causes the separation of metals and isotopes from the melt. They proposed a model and expression for the Soret coefficient in silicate mixtures based on the concept of activation energy that showed a good prediction power. We leave the evaluation of their model to a future publication. In a recent work, Srinivasan and Saghir (2012) have used the concept of the neural networks, to predict the thermodiffusion coefficients in molten metal mixtures. In this rather statistical and engineering approach, the existing experimental data are used to train a network, which can be later used to predict the thermodiffusion coefficients of other similar mixtures. The method was also used to study the relative weight and importance of each effect such as the physical properties of the species on the thermodiffusion coefficient.
MOLTEN SEMICONDUCTOR+METAL MIXTURES
Another relevant and very interesting problem that has potential technological applications in microelectronics and microelectromechanical devices and systems is thermodiffusion in a binary molten metal and semiconductor mixture. Thermodiffusion in molten metal-semiconductor mixtures has similarities with that in molten alloys.
Thermodiffusion is present in the temperature gradient zone melting (TGZM) method used for the fabrication of semiconductor devices and solar cells. In the TGZM method (Figure 6 ), a liquid zone (usually a molten substance, single or multicomponent), initially formed on a solid thin film such as silicon diffuses through the film under the influence of a temperature gradient applied perpendicular to the direction of the mass diffusion. The moving molten zone is in fact similar to a stationary layer, in a velocity frame of reference attached to the molten zone. The top surface of the wafer is heated, for instance, using heat radiation from the top; heat is removed at the bottom surface in order to help a temperature gradient to be established across the wafer. The film temperature should be high enough to produce a moving aluminumsilicon molten zone on the cold surface. Once the metal (aluminum) is melted, it dissolves some silicon forming a molten aluminum-silicon zone on the cold surface. Silicon in solid state in contact with the molten aluminum is dissolved in aluminum to form a molten siliconaluminum zone. Silicon atoms dissolved in aluminum move downward towards the lower end of the melting zone, which is in contact with a solid phase. At this interface, a dilute mixture of aluminum in silicon crystallizes and leaves a solid aluminum-doped silicon zone behind, while the melting zone continues to migrate upward.
Since the invention of the TGZM method by Pfann (1969) , several workers have experimentally and mathematically analyzed the melting zone (usually using a moving boundary approach), e.g., (Wernick, 1956; Tiller, 1963; Cline and Anthony, 1976a , 1976b , 1977 Lozovskii and Popov, 1983) . In his experiments, Wernick measured the penetration rate of molten aluminum or gold into bulk silicon or germanium. Anthony and Cline systematically studied thermodiffusion in the TGZM process in various systems and geometries such as droplet migration through films (e.g., aluminum droplets through silicon). They also used this technique to fabricate p-n junctions in aluminum-doped silicon films. Rudolph et al., (1996) analyzed experimentally and theoretically the crystal growth of several semiconductors, such as GaAs, InP, PbTe and CdTe, and also Bi-Pb alloy in the melt zone and substantiated the important effect of thermodiffusion in the convection-less microgravity experiments. The thermodiffusion coefficient in Boeck and Rudolph (1986) is considered as an input parameter to the equation obtained for the growth or migration velocity. The authors have used the Winter and Drickamer (1955) model, proposed for metal systems to estimate the thermodiffusion factor. Chien and Mattes (1983) used the TGZM method to produce thin semiconductor layers of GaAs and InP through liquid-phase epitaxial growth (LPE). In this method, a moving substrate is in contact with the melting zone where a thin layer of a semiconductor is continuously deposited on the substrate. 
Some applications of thermodiffusion in semiconductor industry
At least two reviews of the applications of thermodiffusion in microelectronic industry, MEMS and solar cells are available (Eslamian and Saghir, 2012d; Buchin and Denisenko, 2006) . Below, some of the proposed applications are reviewed. We note that the success of a patent or proposed application depends on how cost-competitive the method is compared to other possible methods. For some methods it may take years to become attractive and cost-effective.
P-N junction isolation
P-n junctions are made in semiconductors to increase the breakdown voltage and reduce the leakage current in high power devices. It may also be interpreted as a method to isolate electronic components in an integrated circuit or a MEMS device by surrounding the components by p-n or n-p-n junctions. Thermomigration has been suggested for the formation of p-n junctions in the entire body of a silicon surface. It is a rapid and low thermal budget process.
Fabrication of channels, trenches and conductive passages in semiconductors
The development of high aspect ratio micromachining processes provides opportunities for the extension of three dimensional technologies that may be used for the integration of passive and active electronic devices and sensors. Among several existing methods, deep reactive ion etching (DRIE) with halide containing gases, and etching in alkali solutions are currently the two dominating silicon anisotropic etching techniques. However due to the cost and several other restrictions of these methods, thermomigration-based processes for the formation of trenches is also considered as an alternative (Gautier et al., 2006) . Fabrication of through-channels in semiconductors using the thermomigration method has basically two main steps: first to form a pdoped region within an n-type semiconductor with any desired shape, and then to use an etchant so as to remove the formed region without affecting the main body of the semiconductor. The formation of conductive channels that provide electrical connection between two components is another practical application of thermomigration in semiconductor devices.
Fabrication of three-dimensional arrays in semiconductors
Thermomigration has been also used to produce an array of silicon sharp needles or spikes that may be used for cortical penetration ( Figure  7 ). To form an array, pads of aluminum on a silicon substrate are thermomigrated through an n-type silicon block. This leaves behind trails of p-doped channels isolated from each other by opposing p-n junctions. A combination of mechanical and chemical techniques may be used to remove the regions between the thermomigrated columns and expose the needles. The needles need to be post-treated to create active electrode areas and contact pads (Normann et al., 1994) . (Normann et al., 1994) .
Fabrication of solar cells
Some materials such as semiconductors exhibit the photovoltaic effect that causes them to absorb photons of light and release electron-hole pairs. When light energy strikes the solar cell surface, electrons are knocked loose from the atoms in the semiconductor material. If the material is treated or doped properly to prevent electron-hole recombination, and electrical conductors are attached to the positive and negative sides, an electrical circuit is formed and the electrons can be captured in the form of an electric current. This is the operating principle of silicon solar cells compared to thin film solar cells. For silicon solar cells, the bulk silicon substrate is generally doped p-type and the emitter layer is generally a thin, heavily-doped, n + layer that is formed in an emitter diffusion step by solid-state diffusion of phosphorus at elevated temperatures. Thermodiffusion may be used for the doping process, similar to the formation of a p-n junction described before (Anthony et al., 1976) .
Material property manipulation in MEMS and NEMS devices
A new emerging application of thermodiffusion in micro-and nanoelectronic devices is by changing the materials properties for a particular application, such as in the fabrication of silicon micromechanical resonators. Silicon micromechanical resonators can enable a cost-effective integrated platform for timing, wireless connectivity and multi-band spectral processing. To achieve stable low-phase-noise frequency references in silicon micromechanical resonators, the temperature coefficient of frequency (TCF) of silicon may be compensated without compromising on the quality factor of the resonator, using doping through changing the number of free charge carries in a silicon wafer, using thermodiffusion of aluminum into silicon (Samaro et al, 2009 (Samaro et al, , 2010 .
Modeling of thermodiffusion in molten semiconductormetal mixtures
Earlier works have somewhat studied thermodiffusion in the context of the temperature gradient zone melting method, e.g., (Lozovskii and Popov, 1983; Boeck and Rudolph, 1986) . There is no tailored model or expression for the thermodiffusion factor in molten semiconductormetal mixtures. Recently, thermodiffusion and convection was studies by Eslamian and Saghir (2011) in a thin molten layer. They used Eq. (4) to estimate thermodiffusion factor required as in input to solve the transport equations. They studied the presence and importance of remixing effects due to convection in a thin layer. The results have shown that in a micro-layer, convection is weak and perhaps has no adverse effect. Rayleigh-Benard instability in layers heated from below and above is an important research topic when thermodiffusion for instance in thin films and thermogravitational columns is concerned. Review of papers concerning the instability is not the focus of the present work. Some classic and recent works on instability include but are not limited to the following: (Legros et al., 1975; Henry and Roux, 1986; Zimmermann et al., 1992; Larre et al., 1997; Zebib, 2007, Ryzhkov and Shevtsova, 2009) . The objective of the instability analyses is to find a critical Rayleigh number for the onset of convection in various geometries. Recently, Gusev et al. (2011) studied the dynamics of thermodiffusion in a transient system by solving the transport equations in a general binary system assuming a constant value for thermodiffusion factor. The objective of that work was to study the distribution of species by solving the transient species equation rather than estimating the thermodiffusion factor.
In the analysis performed by Eslamian and Saghir (2011) the molten zone is assumed to be in stationary state to avoid a moving boundary problem and the thermodiffusion factor is obtained using Eq. 4. One challenge to estimate the thermodiffusion coefficient is to calculate somehow the ordinary diffusion coefficient. There is very limited experimental or analytical work on ordinary diffusion coefficients in molten semiconductor-metal mixtures. Also, there is no equation of state to be used to estimate the derivative of chemical potentials in the case of non-ideal mixtures.
POLYMER AND DNA MIXTURES
Thermophoresis in polymer mixtures
While in some mixtures such as hydrocarbons, alcohol-water and molten metal alloys, all constituent species have comparable molecular sizes, are miscible, and are in the liquid phase, thermodiffusion is also realized in mixtures comprised of a main liquid known as the solvent and a dispersed phase in the form of nanoparticles, colloidal particles, and macromolecules of polymers or DNA and so on. Thermodiffusion of a dispersed phase in a fluid is also called thermophoresis. While thermophoresis covers a broad area including emerging research on nanoparticle and nanofluids (Martin and Bou-Ali, 2011) and is applicable to several types of mixtures, here we limit our discussion to the polymer and DNA mixtures, leaving other topics such as thermophoresis of charged colloids to the experts in those fields.
Thermodiffusion experimental data in polymer solutions have been available since 1950s, e.g., (Emery and Drickamer, 1955; Whitmore, 1960; Schimpf and Giddings, 1989) . Schimpf and Giddings (1989) also provide a good review of previous experimental and theoretical works. The main conclusion of those early studies is that the thermodiffusion coefficient in long-chain polymer solutions is almost independent or less-dependent on the polymer molecular weight. More recent works e.g., Köhler, 2008, 2009; Chan et al., 2003) have expanded the previous works on long-chain polymer solutions to shortchain polymer solutions, as well. Stadelmaier and Köhler experimental data show that while in a short-chain polymer solution, polymer molecules may migrate to the hot side, with the increase of the polymer molecular weight a cross-over may occur causing the polymer molecules to enrich on the cold side. A negative Soret coefficient is predicted by reverse nonequilibrium molecular dynamics (Zhang and Müller-Plathe, 2006) , and the lattice model of Luettmer-Strathmann (2005) . Negative Soret coefficient has been observed in other polymer solutions, as well, e.g., poly(ethylene oxide) in ethanol-water solution (de Gans et al., 2003) .
To understand the mechanism of the separation of polymer and DNA molecules from the solvent, we start with a brief description of the dynamics of such mixtures. It is noted that DNA molecules repeat their building block or base and therefore may be safely treated by the same way the polymer molecules are treated. The study of the dynamics of polymers in a liquid is not restricted to thermophoresis and has been advanced significantly in the area of hydrodynamics of polymer and DNA solutions (Larson et al., 1997) . The most commonly used physical and mathematical models of polymer flow in the liquid phase are the freely jointed bead-rod and bead-spring models. The beads represent frictional drag centers connected by rods or springs. Three major forces that act on a flowing polymer bead in a dilute solution include the drag, spring, and Brownian forces, e.g., (Bird et al., 1987) .
Once a temperature gradient switches on, while initially both species are forced to move in the direction of the heat flow, with the establishment of a developing concentration gradient in the mixture and the interaction of thermal, concentration and drag forces, the more thermophobic component is pushed toward the cold side, whereas the other molecule has to move to the hot side. In steady state condition, thermal and concentration forces are acting on the molecules, whereas before the steady state is established, the diffusion drift velocities are non-zero and drag forces also work on the molecules. Once the segregation process is triggered and molecules attain a maximum drift velocity, the thermal forces are counteracted by the drag and other forces, such as the Brownian forces. A concentration is established gradually with time, leading to a concentration-induced diffusion flow opposite to the thermodiffusion-induced flow, and this causes a decrease in the overall drift velocity and drag forces (Eslamian and Saghir, 2010d) . Villain-Guillot and Würger (2011) argued that the Soret motion in binary liquids arises to a large extent from rectified velocity fluctuations around molecules. Using a hard-bead model, they derived a net force on each molecule, which is proportional to the temperature gradient and depends on the ratio of the molecular masses and moments of inertia.
The thermodiffusion models applicable to polymer solutions are discussed by Hartung et al. (2006) . Würger (2009) derived a formula for the thermodiffusion coefficient, which is comprised of two terms with opposite signs. In the limit of the high polymer molecular weight, the first term vanishes and the Stokes hydrodynamic term prevails, whereas in the short-chain polymer solution, the magnitude of the two terms may become comparable and a sign change in the thermodiffusion coefficient may occur. This formula, however, could only qualitatively predict a sign change and no comparison with the experimental data was provided. What is understood from the hydrodynamics of polymers is that if the polymer concentration is very low, the beads or segments of a long-chain polymer molecule move within the solvent almost independent of one another. If this is the case, the polymer is said to be in infinite dilution. This is also the basis of the Würger (2009) model, which assumes that the motion of a complex polymer molecule may be simulated by the motion of individual beads of the polymer molecule with an effective hydrodynamic radius. Recently, , using a Brownian and hydrodynamic approach, qualitatively studied the thermophoresis of linear polymer chains and argued that the effect is due to two forces, one stemming from the departure of the molecular-velocity distribution from Maxwell's distribution and the other owing to the dependence of viscous friction on the temperature and position of the molecules in the mixture. His model can potentially predict a sign change as the two effects have opposing signs. Runyon and Williams (2011) clarified and further developed the thermal flow-field fractionation method (ThFFF) applied to polyacrylates and compared their experimental results with the theories of Semenov and Schimpf (2004) and Mes (2003) . They had to estimate the undetermined input parameters in those theories. The agreement with the experimental data was fair.
The rational approach to model thermodiffusion in polymer mixtures is the hydrodynamics approach. However this approach does not provide a practicable expression yet. One successful approach is the linear nonequilibrium thermodynamics, Eq. (2), if the net heat of transport in polymer mixtures can be modeled adequately (Eslamian and Saghir, 2010d) . In their approach, it was assumed that the net heat of transport of the solvent molecules equals the activation energy of viscous flow of the solvent in the pure state, i.e.
Simulation of the net heat of transport of the polymer molecules, on the other hand, is more challenging, as polymers are available in various chain lengths and therefore different molecular weights and viscosities. Polymers although soluble in solvents and forming a liquid mixture, are in the solid state at room temperature. Therefore, it is not possible to estimate the activation energy of viscous flow of a polymer at a mixture temperature, which is usually the room temperature. Emery and Drickamer (1955) argued that the viscosity data of a given polymer solution at low concentrations may be used to calculate the activation energies of viscous flow of the solution at various concentrations. Then the activation energy of viscous flow of the polymer (at the limit where no solvent is present in the solution) may be estimated by linear extrapolation of the solution activation energies with respect to the polymer concentration. This may give a reasonable estimate of the polymer activation energy of viscous flow and the net heat of transport; however, viscosity data are required for various polymer-solvent combinations at various polymer molecular weights. Emery and Drickamer (1955) , therefore, proposed a universal number for the activation energy, which is not accurate enough bearing in mind that different combinations of polymer-solvent may have very different activation energies. Eslamian and Saghir assumed that the activation energy of viscous flow of a long-chain polymer molecule is proportional to the activation energy of viscous flow of the monomers (that represent the moving segments) of that polymer, usually in the liquid phase. They proposed the following equation for the activation energy of viscous flow of a polymer molecule,
where vis M E is the activation energy of viscous flow of the polymer monomer, M P and M B are the molecular weights of the polymer and the polymer moving segment or bead, respectively. The values of a is characteristics of the polymer-solvent system. For most flexible polymers, parameter a in Eq. (13) varies between 0.5 and 0.8.
The molecular weight of the moving segment is close to the molecular weight of the monomer. The following expression has been proposed for the Soret coefficient of an ideal polymer solution in the infinite dilution limit:
where the bead molecular weight M B has been assumed to be half of the monomer molecular weight, M M . Eq. (14) is semi-empirical, but has a fair prediction power compared to other models (in fact there is no other expression) while it involves readily obtainable parameters. A negative thermodiffusion coefficient was predicted by the model for the short-chain polymer solutions of polystyrene in cyclooctane and tetrahydrofuran, consistent with the experimental data. The model also correctly predicts that with the increase of the polymer molecular weight, the sign of the Soret coefficient may change and at high polymer molecular weights, the thermodiffusion coefficient and the Soret coefficient approach a plateau, although they still logarithmically increase with the increase of the molecular weight. The theory developed here is most applicable to infinite dilute solutions because of the limitation in the modeling of the net heat of transport. For more general cases, the nonequilibrium thermodynamics approach remains valid; however more sophisticated approaches and modifications are required on account of the complex structure of polymer solutions. Perhaps other chemical and physical characteristics of the polymer may have an effect on the thermodiffusion and Soret coefficients.
DNA mixtures
Employment of a temperature gradient for DNA and virus manipulation (Blanco et al., 2011 ) is one of the recent applications of thermodiffusion. Thermophoresis is found as a good alternative to the currently employed electrophoresis technique, owing to its tune ability by adjusting the temperature gradient (Reineck et al., 2010; Duhr et al., 2004) . Thermophoresis of DNA combined with convective flows may lead to accumulation of DNA and an increase in the local concentration of DNA molecules (Braun and Libchaber, 2002) . It has been hypothesized that life might have originated by replication of DNA molecules in the rocks and porous precipitates in the oceans across which a temperature gradient is present (Braun and Libchaber, 2004) .
Few experimental data are available on DNA solutions (Reineck et al., 2010; Duhr et al., 2004; Braun and Libchaber, 2002; Duhr and Braun, 2006; Iacopini et al., 2006) . A variety of DNA molecules in different aqueous solutions have been used for thermodiffusion experiments by several research groups, making the comparison and model validation difficult. This is because thermodiffusion factor depends on the interfacial and intermolecular forces, and the presence of additives can alter the thermodiffusion coefficients.
In the absence of any thermodiffusion model, Eslamian and Saghir, (2012e) extended their model developed for polymer solutions, Eq. (14) to the case of DNA mixtures. For the modeling of DNA solutions compared to general polymer solution, despite close similarity, some other complications are involved as the base pair of DNA is not in the liquid phase and as such no viscosity or activation energy of viscous flow can be defined. It was assumed that the viscosities of single-and double-stranded DNA molecules are close to the viscosities of alkane molecules with comparable molecular weights. This assumption has been made owing to the similarities between the structure of alkanes and DNA. Besides, the viscosity data of alkanes required to estimate the activation energy of viscous flow are available. For the purpose of estimating the viscosity of double-stranded DNA with a molecular weight of about 660 g·mole -1 , pentacontane (C 50 H 102 ) was chosen and for a single-stranded DNA molecule, tetracosane (C 24 H 50 ). The viscosity data of the aforementioned alkane molecules are available at temperature higher than the room temperature, adding more inaccuracies to the modeling approach. Model prediction Expt. data, λ-DH = 0.79 nm Expt. data, λ-DH = 2.1 nm Expt. data, λ-DH = 3.7 nm Expt. data, λ-DH = 5.6 nm The model is more successful on dilute single-stranded DNA solutions, due to the less-complex structure of such molecules compared to double-stranded DNA molecules. Figure 8 shows the measured and estimated Soret coefficients for single-stranded DNA solutions at room temperature. Experimental data in Figure (8 ) (Reineck et al., 2010) are associated with various Debye shielding lengths, being inversely proportional to the solution concentration. The data points associated with the largest Debye length, which are associated with the most dilute solution, shows an excellent agreement with the model predictions. Note that Eq. (14) in the present form has been derived for the infinite dilution limit.
In DNA solutions, a sign change in the Soret coefficient is also observed, when the mixture temperature changes (Blanco et al., 2011) . This sign change is attributed to the interacting and interfacial forces between the solvent and the DNA molecules. Iacopini et al. (2006) proposed an empirical equation in the following form that fits the experimental data by aid of several fitting parameters and can predict a sign change when the mixture temperature changes:
where ∞ T S is the Soret coefficient in the high temperature limit, T * is the temperature at which the Soret coefficient is zero and T 0 is another fitting parameter. The sign change of the Soret coefficient with temperature has been attributed to the hydration entropy in water and a sign change in this entropy at a temperature of about 20°C (Duhr and Braun, 2006) . At low temperatures, the hydration entropy can dominate thermodiffusion so that the molecules segregate on the hot side.
CONCLUDING REMARKS
The main challenge in the field is to try to congregate the various modeling approaches in an attempt to develop a comprehensive thermodiffusion model. The existing approaches, i.e., the nonequilibrium thermodynamics, the kinetic theory and stochastic approach and the hydrodynamic approach are the three main tracks, but cannot model the entire process alone due to the complex nature of thermodiffusion. Reliable experimental data are still scarce in some areas such as the ternary and higher multicomponent mixtures. Below, the challenges in each area are highlighted separately.
Hydrocarbon mixtures
In hydrocarbon mixtures, more experimental data are needed for ternary and higher multicomponent mixtures to expand the database. Of particular interest is to understand the effect of temperature and concentration on thermodiffusion coefficient of ternary mixtures. In binary mixtures, some other complex systems beside the benzenecyclohexane mixture is needed to be studied as well. Modeling of thermodiffusion in linear hydrocarbon mixtures, by far has been the most successful among binary liquid mixtures. However, still no model can adequately predict the thermodiffusion factors or coefficients. In ternary and higher multicomponent mixtures, there is no model that can predict the sign of the thermodiffusion coefficient of all three components in the mixture.
Associating mixtures
Experimental data on binary associating mixtures, such as aqueous solutions of alcohols and acetone are available covering a broad range of temperature and concentration. The challenge in this area is the modeling of the process and understanding of the mixture molecular structure. These mixtures have an exceedingly complex molecular structure that changes significantly when temperature and concentration changes. Development of a thermodiffusion model that can fairly predict the sign and magnitude of the thermodiffusion factors is demanding. A thorough understanding of the molecular structure, hydrogen bonds, interfacial forces, and the clustering mechanism in such mixtures is required before a model can be devised.
Molten metal and semiconductor mixtures
Thermodiffusion research on molten metal alloys has been more extensive and rigorous in the last couple of decades, perhaps due to its importance in isotopic separation of metals. From a fundamental point of view, the problem is not understood well yet due to the presence of the free electrons in the mixture and their contribution to the Soret effect. In some cases, e.g., Na-K mixture, a sign change also occurs when the concentration changes. Therefore, the challenge is to identify the relative contribution of ionic and electronic to the thermodiffusion factor and to study how these effects change with concentration.
In molten metal-semiconductor mixtures, the effect of free electrons on thermodiffusion factor is perhaps less profound compared to that in the metal-metal mixtures, but it is not absent. Reliable thermodiffusion data on metal-semiconductor mixtures is scarce due to the instability issues in such mixtures. Thermodiffusion, if controlled and predicted adequately, has shown to have potential applications in p-n junction formation and recently on the modification of the materials properties, among others. Future work is therefore focused on well-controlled and specialty applications. On the theoretical side, accurate experimental data for model development are lacking.
Polymer and DNA mixtures
Thermodiffusion in polymer and DNA mixtures falls more in the category of thermophoresis and therefore has been treated based on the hydrodynamics theory. In this review, however, we showed that the linear nonequilibrium thermodynamics approach is applicable to thermophoresis of DNA and polymer mixtures as well. Modeling of thermodiffusion in dilute polymer mixtures has been performed with various degrees of success, but it is still difficult to develop models for concentrated mixtures.
Manipulation of DNA molecules is of particular interest in the area of biological research. The challenge here is to quantify the DNA manipulation by a temperature gradient, something that needs a reliable model to predict the thermodiffusion data. Experimental data on DNA mixtures is insufficient and scattered. Using different types of DNA molecules and solvents makes the comparison between the results difficult. Systematic study of thermodiffusion in DNA mixtures is required.
Molecular dynamics (MD) simulations
Molecular dynamic simulations are like artificial or numerical experiments if the potential functions are defined and used properly. Performing reliable experiments in some cases is indeed difficult and expensive and therefore MD simulation is a good alternative. The interaction of ions and electrons in a mixture with like and unlike molecules is a complex phenomenon. Thermodiffusion process among other transport phenomena is considered to be the most sensitive to the interaction potential shape, at least in low density conditions. MD simulation has been employed to compute the Soret coefficients in some less-complex binary liquid mixtures such as aqueous mixtures, e.g., (Nieto-Draghi et al. 2005; Galliero and Montel, 2008; Perronace et al. 2002) and also associating mixtures (Rousseau et al. 2004) . It is expected that in the future, MD simulations continue to serve as a good tool to investigate Soret effect in other complex systems, such as molten metal alloys, polymers, etc. This will help to better understand the thermodiffusion process in complex systems and help to develop or improve the existing physical and mathematical thermodiffusion models.
Equation of state
The availability of an Equation of State (EOS) or at least the availability of activity coefficient experimental data is crucial in evaluating many of the existing theoretical models used to estimate the thermodiffusion factor and coefficient. This is because in non-ideal mixtures, in particular, the variation of the chemical potential versus concentration is a strong function of mixture concentration and temperature. An EOS and even activity coefficient experimental data are lacking in some mixtures such as molten metal + semiconductor mixtures, DNA and polymer mixtures and some other mixtures. For hydrocarbon mixtures, however, as well as associating mixtures, equations of states are available. To our knowledge and personal experience, for the former, the Peng-Robinson and for the later the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) and Cubic Plus Association (CPA) equations of states have shown acceptable performance.
Also, in order to determine the thermodiffusion coefficients instead of the Soret coefficient and thermodiffusion factor, knowledge of the ordinary diffusion coefficient is essential. Ordinary diffusion coefficients or correlations and models that can estimate them may not be available for some mixtures such as the molten metal and semiconductor mixtures. Also, an EOS for the metal-semiconductor mixtures is still lacking. 
